many other cyprinid species (one of the largest families of fish inhabiting freshwaters in the northern hemisphere), and this, together with its ease of culture in the laboratory, its short generation time (3-4 mo), and, crucially, the available genomic resources, makes it one of the most appropriate models to develop our understanding of the mechanisms controlling reproduction in fish. In recent years, the number of putative genes involved with reproductive development in fish and other animals has increased considerably. The generation of tissue-specific gene libraries for zebrafish, including for ovary and testis, have facilitated investigations into sex assignment and sexual development in this species (20, 23, 55) . Extensive lists of transcripts have been generated in zebrafish that are overexpressed in adult females when compared with gene expression profiles in adult males (49) . Many of the genes identified have corresponded to well-known female-specific genes, but a large proportion have been either novel or unidentified. These studies, however, were performed using RNA derived from whole body preparations and pooled from a number of fish, thus no relationship was established between gene expression and the physiology of the individuals (49) . Comparisons of the list of female enriched genes with the equivalent list generated in Drosophila have found that the germ line, but not the somatic sex-enriched genes, is conserved between vertebrate and invertebrate species, indicating that the process of gametogenesis is highly conserved during evolution (49) .
In mammals, investigations into sex-specific gene expression profiles in gonads have been more extensive. Employing a mouse 30,000 gene microarray, Rinn and colleagues (38) identified Ͼ500 genes upregulated in testes and 300 genes upregulated in ovaries. Immune-response genes were underrepresented in the testis, but the functional significance of this was not determined. In ovary, the only ontological category that was significantly overrepresented was the monooxygenase enzymes, which are part of the P450 family involved in steroid hormone biosynthesis and steroid and drug metabolism. Interestingly, sexual dimorphism in gene expression was also found for the kidney, where the expression of 27 genes was found to differ between sexes (38) . Similarly, studies in rat have shown sex-specific differences in gene expression in the liver. The differences observed were reported to be driven by differences between the sexes in the pattern of pituitary secretion of growth hormone (1) , reviewed in Ref. 39 .
In this study, we investigated the molecular basis for the phenotypic specificity between sexes and between individuals within a sex in breeding zebrafish. To do so, we searched for sex-related differences in the transcriptome of reproductively active zebrafish at the level of the gonads. We further analyzed for associations between molecular profiles and reproductive status between individuals for both males and females.
MATERIALS AND METHODS

Chemicals
All chemicals and reagents were obtained from Sigma-Aldrich, Poole, UK, unless stated otherwise.
Array Fabrication
Preparation of spotted glass oligonucleotide microarrays. Oligonucleotide microarrays were produced at the Cardiff University Molecular Biology Support Unit (Cardiff, UK). Oligonucleotides were purchased from the Sigma-Genosys (Cambridge, UK) Zebrafish Oligolibrary (65-mer with 5Ј-C6 amino modifier, 500 pmol in Genetix X7020) and printed on Amersham CodeLink slides (Amersham Biosciences, Little Chalfont, UK) at a final concentration of 25 M in 50 mM sodium phosphate, pH 8.5 buffer. In addition to the standard library, 167 custom-designed oligos were included to represent genes of known involvement in the control of reproductive development. Custom oligos were designed based principally on the conserved regions of the target genes in other fish species or other vertebrate species in the cases where insufficient sequence data were available in fish. The Lucidea ScoreCard (Amersham) was spotted 10 times on each slide, and the oligo library was spotted once using a SpotArray72 (Perkin Elmer, Boston, MA), supplied with 48 SMP3 Microspotting pins (Telechem, Sunnyvale, CA). After printing, the microarrays were placed in a saturated NaCl chamber (humidity ϳ75%) overnight at room temperature and then stored in the dark and under a vacuum, until required.
Prehybridization of oligonucleotide glass arrays. Immediately prior to use, the slides were blocked in 1% BSA dissolved in 5ϫ SSC and 0.1% SDS for 45 min at 42°C. The blocking buffer was removed by washing 10 times in water followed by two times in isopropanol, and the slides were then air dried to remove all traces of alcohol prior to the hybridization.
Biological Analysis
Experimental design. Gonadal gene expression profiles were analyzed (using an oligonucleotide microarray) and related to sex and reproductive status of the individuals (determined via histological analysis of the gonads) in a breeding colony of zebrafish. To do so, microarrays were conducted on amplified RNA extracted from the gonads of individual fish. The microarray experiments followed a reference design in which each sample was hybridized in competition with a pooled sample of RNA derived from all individuals in the study. Gene expression profiles were compared between sexes (males and females) and also between individuals within each sex (stages of reproductive development).
Animals. A colony of adult breeding zebrafish (6 males and 6 females) was kept in a 15-l tank under flow-through conditions (10 l/day) under a 12 h light-dark cycle with an artificial dawn-dusk transition of 30 min, at 28 Ϯ 1°C. Fish were fed to satiation twice daily, each morning on freshly hatched Artemia naupli, and each afternoon on Tetramin dry tropical flake food (Tetramin; Tetrawerke, Melle, Germany). The number of eggs produced and embryo survival to 8 h postfertilization were monitored daily over a period of 40 days to determine the breeding performance of the colony. At the end of this monitoring period, the fish were killed humanely by an overdose of benzocaine (according to UK Home Office regulations), and the wet weights and fork lengths of the individual fish were recorded. One of the gonads from each fish was extracted and stored in RNAlater (Ambion, Huntingdon, UK) at Ϫ20°C, and the second gonad was extracted and processed for histological analysis.
Histological analysis. Individual gonads were fixed in Bouin's solution (Raymond A. Lamb, Eastbourne, UK) for 4 h and subsequently washed twice in 70% industrial methylated spirit (IMS). The samples were dehydrated in IMS up to 100% and embedded in paraffin wax (Merck Eurolab, Poole, UK), using a Shandon tissue processor (Citadel 2000) . Serial sections were cut at 5 m, floated in a water bath, and collected onto glass slides. Sections were stained with Harris's hematoxylin and eosin (Merck Eurolab), treated with DPX mountant (Merck Eurolab), and analyzed by light microscopy (Zeiss Axioskop 40 microscope; Carl Zeiss, Oberkochen, Germany), and digital images were obtained using an Olympus DP70 chargecoupled device camera (Olympus Optical) coupled to analySIS 3.2 software (Soft Imaging System, Munster, Germany). A minimum of six gonad sections were analyzed for each fish. Testes were analyzed for the presence of the different stages of spermatogenesis (spermatogonia, spermatocytes, spermatides, and spermatozoa) and categorized by the most advanced stage of sex cell development. Ovaries were analyzed for the presence and relative abundance of the different stages of oocyte development (primary oocytes, cortical alveolar stage, previtellogenic oocytes, vitellogenic oocytes, and postovulatory follicles).
RNA extraction. RNA was extracted from the gonad samples with TRI reagent, according to the manufacturer's instructions. In addition to the isopropanol precipitation step, a lithium chloride precipitation was performed. The RNA was then resuspended in water, and the quality was evaluated by gel electrophoresis, on a 0.7% agarose gel.
RNA amplification and labeling. Due to the limited amount of RNA obtained from individual ovaries and testes, an amplification procedure was employed prior to hybridization onto the microarrays. Total RNA (0.1-2 g) was amplified using the Amino Allyl MessageAmp aRNA amplification kit (Ambion), following the manufacturer's instructions. Control RNA spikes provided with the Lucidea ScoreCard were amplified simultaneously to evaluate the possible bias introduced by the amplification procedures. The quality of the resulting amino allyl-labeled antisense RNA (aaRNA) was verified by gel electrophoresis and by measuring the absorbance in a GeneQuant Spectrophotometer (Amersham). For both ovaries and testes, 5 g of each sample were pooled together to generate a reference sample. aaRNA (5 g) of the reference and each experimental sample was labeled with Cy5 and Cy3, respectively, using the FluoroLink Cy5 and Cy3 monofunctional dye (Amersham), according to the instructions provided within the Amino Allyl MessageAmp aRNA amplification kit.
Quality control of the labeled target. Two methods were employed to verify the quality of the labeled aaRNA before hybridization. In the first method, the absorbance of the labeled aaRNA was measured at 260 nm, to quantify the total amount of RNA and at 550 and 650 nm to measure the amount of incorporated Cy3 and Cy5 label, respectively (using an Ultrospec 2100 pro UV-VIS spectrophotometer, Amersham). The following equation was employed to determine the percentage of incorporation (amount of incorporated dye ϫ 350/ amount of RNA), and samples with values Ͼ70 or Ͻ20 were rejected. The second method for assessing RNA quality employed gel electrophoresis (1.5% agarose gel in Tris-acetate-EDTA buffer). Gel trays were specially designed to the dimensions of a microscope slide to allow for its analysis with a microarray scanner. We diluted 1 l of labeled aaRNA sample 1:2 with 50% glycerol, loaded it onto the gel, and ran it at 120 V for 20 min. Gels were scanned in a LSIV scanner (Genomic Solutions, Huntingdon, UK) at 550 and 675 nm for Cy3 and Cy5, respectively. The relative abundance of the incorporated and nonincorporated label, as well as the relative abundance of the short and long transcripts, was determined visually, and samples containing large amounts of nonincorporated label or high proportions of very short transcripts were considered of low quality and rejected for array hybridization.
Sample preparation for hybridization. To optimize the ability of the labeled aaRNA to hybridize to the oligo probes spotted onto the array, samples were sonicated for 5 min (Kerry Ultrasonics, Skipton, UK). The size of the resulting transcripts was confirmed to be Ͻ600 bp by gel electrophoresis (see above). The labeled aaRNA samples were then evaporated to Ͻ10 l in a Concentrator 5301 (Eppendorf, Cambridge, UK), and the final volume was adjusted to 10 l with water.
Hybridization. Reference (10 l) and sample (10 l) were labeled with Cy5 and Cy3, respectively, and combined to make a total volume of 20 l. The mixture was then denatured for 3 min at 95°C and rapidly cooled by centrifuging at 14,000 rpm for 1 min. We then added 20 l of 2ϫ hybridization buffer (50% formamide, 10ϫ SSC, 0.2% SDS) to each sample and mixed that by gently pipetting. This was subsequently added to the blocked arrayed slide, and another slide (blank) was overlaid on the hybridization mixture. The slides were hybridized in a humidified airtight box for 36 h at 42°C.
Array washing. After hybridization was complete, slides were separated by gently shaking in 4ϫ SSC, following by washing for 5 min at 42°C in 2ϫ SSC, 0.1% SDS. Slides were then transferred to 0.2ϫ SSC and incubated for 1 min at room temperature, followed by a final wash in 0.1ϫ SSC for 1 min. Slides were then air-dried and stored in an airtight container in the dark until scanned.
Scanning, feature extraction, and analysis. Slides were scanned in a ScanArray Express HT scanner (Perkin Elmer) at 550 and 675 nm for Cy3 and Cy5, respectively, at a resolution of 10 m. The photomultiplier tube voltage was set at 100% throughout for both the red and green channels. Feature extraction was done with Imagene 5 (BioDiscovery, El Segundo, CA) software. Spots with high local background or aberrant spot shape were flagged by the software and checked manually.
Real-time quantitative PCR. Four genes overexpressed in testes [tubulin alpha 7 (tuba7), septin 4 (sept4), heat shock protein 70 (hsp70), and cyclin g2 (ccng2)], five genes overexpressed in ovaries [RNA binding protein with multiple splicing 2 (rbpms2), transmembrane phosphatase with tensin homology (tpte), sox11b, cyclin b2 (ccnb2), and connexin 44.2 (cx44.2)] in the array dataset, and amh, a gene involved in male sex differentiation, were selected for real-time PCR analyses. Primers specific for target genes were designed with Beacon Designer 3.0 software (Premier Biosoft International, Palo Alto, CA) and purchased from MWG-Biotech (Ebersburg, Germany). Primer pairs were optimized and validated for real-time quantitative PCR (RT-QPCR) as described in Ref. 11 . Specificity of primer sets throughout this range of detection was confirmed by the observation of single amplification products of the expected size and T m and sequence. All assays were quantitative, with standard curve [mean threshold cycle (C t) vs. log cDNA dilution] slopes of between Ϫ2.693 and Ϫ3.464, translating to high efficiencies [E; E ϭ 10 (Ϫ1/slope) (36)] of 1.94 -2.31. Over the detection range, the linear correlation (R2) between the mean Ct and the logarithm of the cDNA dilution was Ͼ0.98 in each case. Primer sequences, National Center for Biotechnology Information (NCBI) GenBank accession numbers, PCR product sizes, and annealing temperatures are shown in Table 1 .
To determine the expression of the target mRNAs, cDNA was synthesized from 1 g of RQ1 DNase-treated (Promega, Southampton, UK) total RNA using random hexamers (MWG-Biotech) and MMLV reverse transcriptase (Promega), following manufacturer's instructions. cDNA was diluted (1:3), and RT-QPCR using SYBR Green chemistry was performed with the iCycler iQ Real-time Detection System (Bio-Rad Laboratories, Hercules, CA) as described previously (11) with the appropriate annealing temperatures (Table 1) . A template-minus negative control was run in triplicate on each plate, and a reverse transcriptase-minus negative control was carried out for each sample to verify the absence of cDNA or genomic DNA contamination, respectively. Efficiency-corrected relative expression levels were determined as in Ref. 11 by normalizing to the "housekeeping" gene ribosomal protein l8 (rpl8), which was measured in each sample. This gene was chosen as an housekeeping gene based on its established use as an internal control for RT-QPCR experiments in fish (10, 56) . Furthermore, our array dataset confirmed that its expression did not change significantly between ovaries and testes. Intra-assay coefficient of variation (CV) was 2.42% (n ϭ 96). Interassay CVs were not measured because all of the samples for each gene were run on the same plate.
Bioinformatic analysis. Prior to analyzing the data we preprocessed them in R using the LimmaGUI package, which performed background subtraction, followed by a pin-based Lowess within-array normalization and a scaled between chip normalization (50) . The array data were imported into GeneSpring 7.0 software (Silicon Genetics) for further analysis. For each experimental group, data were filtered on "flags" and on intensity of the raw data, and each spot was required to be present and Ͼ0.01 in at least 40% of the conditions to be considered for further analysis. Principal component analysis (PCA) was performed to identify the main trends in gene expression in the gonadal datasets. Prior to the statistical analysis, data that changed Ͻ1.2-fold between conditions were also removed. To identify differentially expressed genes, comparisons between treatment groups were performed by t-test (P Ͻ 
0.05) followed by multiple testing correction (Benjamini and Hochberg false discovery rate). In addition, the data were filtered on "fold change" to identify genes that were up-and downregulated between conditions. Gene lists were generated and clustered with both gene and condition trees using distance as similarity measure. The distribution of GO terms in the gene lists overexpressed in males and females were compared with the distribution of GO terms in the whole array to identify the biological processes overrepresented among the genes of interest. The full microarray dataset was deposited in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the series record GSE6063. Throughout this paper, data are presented as means Ϯ SE.
RESULTS AND DISCUSSION
Advances in the zebrafish genome sequencing project, and the interest in the reproductive biology of the zebrafish in the contexts of both fundamental and applied research, make it timely for the application of postgenomic technologies to develop a more comprehensive understanding of the reproductive physiology of this model organism. In this pursuit, here we employed a 17k oligonucleotide microarray and were able to identify sex-specific patterns of gene expression at the level of the gonad and to establish links between gene expression profiles and the reproductive biology of individuals in a breeding colony.
Biological Analysis
The fish used in the study had an average length and weight of 33.33 Ϯ 0.33 mm and 0.44 Ϯ 0.01 g for the males (n ϭ 6) and 32.5 Ϯ 0.85 mm and 0.47 Ϯ 0.05 g for the females (n ϭ 6), and this was consistent for sexually mature zebrafish of this strain (WIK) bred in our laboratory. During the 40 days prior to sampling, the spawning events followed a regular periodicity (with peaks in egg production every 2-4 days), and the average number of eggs spawned per female per day was 17.7 Ϯ 2.0. The mean number of live embryos per female per day was 11.5 Ϯ 1.5. Histological analysis showed that the proportion of follicles at the various stages of oogenesis varied markedly between individuals; in some females primary oocytes predominated (e.g., fish no. 12), and, at the other extreme, the ovaries of other females contained principally vitellogenic oocytes (e.g., fish nos. 9 and 10; Fig. 1 ). This observation is consistent with individual females within a breeding colony spawning every 2-3 days, but not necessarily in synchrony with other females in the colony (31) . The presence of vitellogenic oocytes in all females, and of postovulatory follicles in all but one female, demonstrated that all females were actively reproducing. Similar histological analysis of the testes showed that all males were producing spermatozoa and con- tained germ cells at all stages of development (Fig. 1) . It should be realized, however, that the reproductive capacity of the reproductively active males was not necessarily equal. Indeed, recent studies have indicated that significant differences can occur in sperm quality (motility) between individual males in a breeding colony (46) . Furthermore, dominance hierarchies can exist and thus the relative contribution of males to the next generation can differ markedly (43) . These features highlight the need for analysis of gene expression profiles of individuals, rather than on pooled samples, for establishing the molecular mechanisms affecting reproductive capacity. A pooled sample approach only, with its intrinsic constraints, has been adopted previously for studies on zebrafish (22, 24, 26) .
Transcriptomic Profiles
Microarray analysis of individual gonads revealed that 8,769 genes were consistently expressed in the gonads from which 7,976 genes were consistently expressed in the ovaries and 7,060 genes were consistently expressed in the testes. This corresponded to between 42 and 53% of all probes represented in the microarray. This compares well with other published reports employing the same oligonucleotide set and same platform [e.g., ϳ35% of all genes were reported to be consistently expressed in the muscle in the studies conducted by Malek and colleagues (24)]. Analysis of a subset of the genes differentially expressed between the ovary and testis against the expression of the corresponding gene clusters available on Unigene Expression Profiles found that the trends were common in 81% of the cases. The genes chosen (genes differentially expressed between ovaries and testes; P Ͻ 0.001) included both genes with low expression in one or both tissues and genes for which the difference in expression between ovaries and testes was less than twofold. In both cases, the accuracy of the Unigene Expression Profiles might be expected to be relatively low because the number of ESTs submitted for that gene in the tissues of interest was low and often zero, or the number of ESTs submitted would not be sufficient to accurately distinguish between relatively small differences in gene expression. Despite this, the comparability of the microarray and Unigene datasets was very high, demonstrating the accuracy of our array measurements. The microarray data were further compared with RT-QPCR data for nine differentially expressed transcripts, and the two datasets followed the same trend for all nine genes (Fig. 5) . The RT-QPCR data analysis was performed on the same individual RNA samples that were used for amplification and microarray hybridizations, but prior to the amplification. The fold difference in gene expression detected by RT-QPCR was greater than the fold difference in the microarray dataset in all cases (ranging between 2-and 456-fold). This may be due to the fact that for the highly expressed transcripts in the array, spot saturation can occur, leading to underestimation of the difference in gene expression between conditions in the array dataset. This fact does not detract from the biological conclusions drawn from the array dataset, however, because these transcripts would still appear as strongly differentially expressed between conditions. Due to the limited amount of RNA extracted from some of the biological samples analyzed (individual testis), an amplification procedure was required to generate enough targets for hybridization to the arrays. We employed a linear amplification method (in vitro transcription of double stranded cDNA), and, therefore, bias of the amplification towards the most abundant transcripts was unlikely. If bias were to occur then greater differences in expression of the differentially expressed genes would be expected when the same (original) RNA was analyzed by microarray compared with RT-QPCR. This was not the case. On the contrary, and for all transcripts analyzed, the fold-change in gene expression measured in the microarrays . B: cluster diagram of the genes differentially expressed between sexes in the gonads (gene tree is displayed horizontally and condition tree is displayed vertically, where males are represented by the blue vertical lines and females by the red vertical lines). The list of genes was generated by comparing male and female gonad transcriptomes (t-test, P Ͻ 0.01), with multitesting correction (Benjamini and Hochberg false discovery rate; 1,370 genes). Clustering for both genes and conditions was performed using distance as similarity measure.
was consistently lower than the fold-change determined by RT-QPCR. Together, the comparisons between the gene expression profiles derived from the array datasets and both the Unigene Expression Profiles and gene expression obtained with RT-QPCR substantiate the validity of the array data and of the biological conclusions drawn from this study.
Sex-Associated Transcriptomic Profiles
PCA analysis of the gonad gene expression profiles clustered all individuals according to sex and identified marked differences between male and female transcriptomes (Fig. 2) Statistical analysis of the genes differentially expressed between males and females identified a list of 2,940 genes (t-test, P Ͻ 0.05), of which 1,570 were overexpressed in females and 1,370 were overexpressed in males ( Fig. 2; additional files 1 and  2 ). (The online version of this article contains supplemental material.) GO analysis identified 11 biological processes, 3 molecular functions, and 8 cellular components overrepresented in the list of genes overexpressed in females, and 6 biological processes, 5 molecular functions and 9 cellular components overrepresented in the list of genes overexpressed in males (Fig. 3) .
Among the genes overexpressed in ovaries compared with testes, the biological processes overrepresented included several categories associated with biosynthesis and metabolism. This likely reflects the rapid rate of follicle cell division and the active synthesis and processing of proteins within the oocyte. Overrepresentation of these categories in ovaries has also been observed in Drosophila (34) . Among the cellular components associated with this list, endoplasmic reticulum, Golgi apparatus, and cytoplasm were overrepresented, further indicating the importance of protein synthesis and modification in the rapid growth of the oocytes. In addition, the biological processes cell cycle, cell growth and maintenance, and biogenesis of several cellular organelles were also overrepresented in the list of genes overexpressed in the ovary, reflecting the rapid dynamics of cell division, growth, and turnover in the ovary. Among the genes overexpressed in the testes compared with ovaries, the biological processes overrepresented were dominated by protein biosynthesis and protein metabolism. Furthermore, the cellular component most overrepresented was ribosome and the molecular function most overrepresented was transferase, reflecting a significant bias toward protein synthesis in testes; this is consistent with sperm being continuously produced in very large numbers within the testes and released daily in this species.
Expression Profiles of Genes Related to Reproduction
Having established that the gene expression profiles vary considerably between males and females at the level of the gonad, we explored the dataset for sex-related differences in the profiles of genes of known involvement with reproductive function. In these comparisons we included estrogen receptors, insulin-like growth factors (IGFs) and their receptors, genes related to the activin-inhibin pathway, and the sox family of transcription factors. Comparison of the expression profiles of individual genes indicated that there was sex-related differences in the expression profiles of some sox genes, activins, and insulin-like growth factors, and they are presented in Fig. 4 .
Sox Family
The sox gene family is characterized by sequence homology to the HMG box region of the sex determining gene sry, although there is no functional link between sry and members of the sox family of transcription factors. Several members of the sox gene family have been reported to be important for development of the central nervous system during embryogenesis and of maternal origin, including sox11b and sox21 (37) and sox31 (13) . In our study, sox 11b, sox21a, and sox31 were accordingly overexpressed in ovaries compared with testes (P Ͻ 0.05). sox19a was also overexpressed in ovaries compared with testes (P Ͻ 0.05), but the functional significance of this is not known. sox9 has been proposed as an important regulator of gonadal sex determination in vertebrates (reviewed in Ref. 28 ). The expression of sox9 in mammals is followed by the expression of anti-Müllerian hormone (amh), leading to inhibition of the peak of aromatase A and regression of the Müllerian ducts, resulting in masculinization of the undifferentiated gonads. In contrast, in the absence of sry, an elevated sox9 gene expression does not occur, and this leads to ovarian development (reviewed in Ref. 19 ). In the zebrafish, sox9a has been reported to be predominantly expressed in testes (together with amh) and sox9b predominantly expressed in ovaries [together with aromatase A (40)]. In our array dataset, sox9b was found to follow the expected trend, but the difference in gene expression was not statistically significant. sox9a did not pass the quality thresholds for our array data analyses. The functional role of amh in fish is not fully known, but it has been shown to be overexpressed in the testes of zebrafish during early development (Schultz R, unpublished observations) and in adults (40) . Similarly, our study revealed that amh and its receptor were greatly overexpressed in the zebrafish testis compared with the ovary (Fig. 5) . Together, these findings support the functional involvement of these genes, not only in sex differentiation, but possibly also in the maintenance of sexual dimorphism in adult zebrafish. Fig. 3 . Gene Ontology (GO) analysis of the list of overexpressed genes in ovaries and testes. Data are presented as P value of the overrepresentation of each GO term in the gene lists of interest. A: biological processes represented in the list of genes overexpressed in the ovaries (white bars) and biological processes represented in the list of genes overexpressed in the testes (black bars): 1, biological process unknown; 2, cell communication; 3, cell-cell signaling; 4, cell recognition; 5, host-pathogen interaction; 6, response to endogenous stimulus; 7, response to external stimulus; 8, response to abiotic stimulus; 9, response to biotic stimulus; 10, signal transduction; 11, cell growth and/or maintenance; 12, cell cycle; 13 
Activin-Inhibin Pathway
Inhibin exists in two forms, sharing the same ␣-subunit and, when covalently linked to one of two distinct subunits called ␤-A and ␤-B, strongly inhibits pituitary secretion of follicle stimulating hormone (FSH). Dimers of two ␤-subunits, however, termed activin, are potent stimulators of FSH secretion (reviewed in Ref. 14). These ␤-subunits share extensive sequence homology with transforming growth factor (TGF)-␤ and, in addition to their function in regulating reproduction, they also play important roles in development (8) , reviewed in Ref. 5 . Proposed roles for activin ␤-A include promoting ovary and follicle growth, whereas activin ␤-B has a tonic role throughout follicle development but becomes critical at the late stage of oocyte maturation and/or ovulation (48) . Inhibin ␤-B and activin receptor 2B were overexpressed in the testes compared with ovaries (P ϭ 0.008 and P ϭ 0.017, respectively), and this is consistent with this pathway being activated in mature testes that are continuously producing gametes. Forkhead box H1 (FoxH1), a member of the FOX gene family of transcription factors, takes part in mediating TGF-␤/activin signaling through its interaction with the Smad2.Smad4 complex (2) . In addition, FoxH1 is a co-repressor of the androgen receptor (6) . In all organisms examined, FoxH1 is expressed primarily during the earliest stages of development and thus FoxH1 is thought to play a critical role in mediating TGF-␤ superfamily signals during these early developmental stages (2) and is expressed maternally in Xenopus embryos (18) . In our study on the zebrafish, foxh1 was overexpressed in ovaries (P ϭ 0.02), reflecting the presence of mature oocytes within the ovaries in all females, where maternal transcripts important for embryo development are synthesized and stored. In addition, the overexpression of foxh1 in the ovaries may be related to the suppression of the biological activity of androgens in this organ.
IGFs
In vertebrates, growth and reproduction are endocrinologically interlinked (reviewed in Refs. 15, 16) . The growth axis is centrally regulated by growth hormone, the IGF family, their Fig. 4 . Gene expression profiles of families of genes with known involvement in reproductive function. Gene trees are displayed horizontally and were generated using smooth correlation as a similarity measure. Fish 1-5 are males, and fish 7-12 are females. *Statistical significance (P Ͻ 0.05). Fig. 5 . RT-QPCR analysis of 10 transcripts differentially expressed between ovaries and testes. Data are presented as fold difference in relative mRNA expression against the sex with the lower expression. Relative mRNA expression was determined as the ratio of target gene mRNA/rpl8 mRNA. The genes overexpressed in males were anti-Müllerian hormone (amh), tubulin alpha 7 (tuba7), septin 4 (sept4), heat shock protein 70 (hsp70), and cyclin g2 (ccng2). The genes overexpressed in females were RNA binding protein with multiple splicing 2 (rbpms2), transmembrane phosphatase with tensin homology (tpte), sox11b, cyclin b2 (ccnb2), and connexin 44.2 (cx44.2).
receptors, and binding proteins. In addition, these genes also regulate development (reviewed in Refs. 41, 44) and male sex determination (32) . At the level of the gonad, IGFs play central roles in mediating gonadotropin function (54) , regulating steroidogenesis (25, 29) and promoting oocyte growth and maturation (29, 35) . In the zebrafish, genes for two IGFs have been isolated (IGF1 and IGF2, reviewed in Ref. 51); igf1 is predominantly expressed in the liver and testes, whereas igf2 is expressed predominantly in the liver (27) . Similarly, in our studies igf1 appeared to be overexpressed in testis (igf2 did not pass the quality thresholds in our analysis, possibly due to its low expression in the gonads). Two forms of the IGF1 receptor are expressed in the zebrafish [insulin-like growth factor 1a receptor (igf1ra), insulin-like growth factor 1b receptor (igf1rb)], and they were expressed similarly in the ovaries and testes in the study by Maures and colleagues (27) . In our study, igf1ra was expressed equally in the gonads of both sexes, but igf1rb was predominantly expressed in the ovary (P ϭ 0.033). Very recently, studies in the fathead minnow using RT-QPCR (9) showed comparable results to our array dataset for igf1r in the zebrafish, but different roles for igf1ra and igf1rb have yet to be established. The endocrine and paracrine functions of IGFs are further regulated by IGF binding proteins (IGFBP). IGFBPs protect IGFs from degradation and regulate their bioavailability, preventing hypoglycemia caused by excess of IGFs in the circulation. In addition, they play a role during development of many organs in the zebrafish, as demonstrated by Li and colleagues (21) and Wood and colleagues (52) . To date, six IGFBPs have been reported in fish, and their expression was localized to a number of tissues including the liver and ovaries (17) . In our studies, igfbp3 was the only form consistently expressed in both male and female gonads, and its expression was similar in both sexes. Our findings indicate that genes for all constituents required for the biological activity of IGFs (igf1, igfr, and igfbp) were expressed in the gonads of both males and females, reflecting their paracrine mode of action. The differential expression pattern for igf1rb suggests distinct regulations of IGF function in male and female zebrafish gonads.
Sex-specific Genes
Among the genes differentially expressed between ovaries and testes in the array dataset, 52 genes showed Ͼ10-fold difference in expression between sexes. A selection of differentially expressed genes from the array analyses were further analyzed using RT-QPCR (Fig. 5) , and the patterns of differential expression of these transcripts were confirmed. There was up to approximately a 3,000-fold difference in expression of some of these genes between ovaries and testes. The magnitude of the differences in expression between the sexes suggests a functional silencing of these genes in one of the sexes. These genes are therefore likely to play crucial roles in the context of sex-specific gonad function. Further studies are required to explore the functional significance of these findings at the level of the individual genes.
Anchoring Individual Transcriptomes With Reproductive Phenotype
The gene expression profiles of the testis were remarkably similar between mature males with the correlation coefficients ranging from 0.481 to 0.685 when the transcriptome of each individual was compared with all other males. Analysis of variance (ANOVA) failed to identify any genes differing significantly between individual males (Fig. 6 ). This is not necessarily surprising given that all stages of spermatogenesis including spermatozoa were present in the testes of all males. However, very significant differences in sperm quality between individual males within a breeding colony were observed, and both the number and motility of spermatozoa varied considerably (46) . Based on these observations, we hypothesized that variation in the expression of small sets of genes within the testes might account for the phenotypic differences in sperm quality observed between individual males. We searched for such possible differences using three independent statistical analyses of the microarray data. Firstly, we investigated genes varying more than twofold between any two individuals, and this generated a list of 395 genes. Secondly, we assigned individual males into categories according to the similarity of their overall transcriptome (based on cluster analysis of all consistently expressed genes) and performed comparisons by the t-test (when the fish were assigned to one of two groups) or one-way ANOVA (when the fish were assigned to one of three groups), using the Benjamini and Hochberg false discovery rate as multiple testing corrections. This approach did not identify any differentially expressed genes. Without multiple testing corrections, lists of 228 and 209 genes were identified using the t-test and one-way ANOVA, respectively. When the three lists generated were compared, no common genes were identified and we concluded that the approaches used likely identified the highly variable genes rather than genes encoding for physiologically significant testicular proteins. Given the consistency in the testis transcriptome between individuals, the differences in sperm motility may be due to posttranscriptional events (such as translation and protein modifications) rather than large differences in gene expression. In humans, altered patterns of expression have been identified for testis-specific protein 1 and lactate dehydrogenase C transcript variant 1 in males with reduced fertility (47) . In our study, however, we do not know whether the observed differences in sperm quality translated into differences in fertilization capability. Our data generate the hypothesis that the transcripts required for sperm function are synthesized and stored in spermatozoa, possibly during earlier stages of germ cell development, and that the progression of individual spermatozoa towards motile sperm depends on the subsequent activation of the resulting gene products.
The variation between the gonadal transcriptomes of individual females exceeded that observed in males. The correlation coefficients, when the gonadal transcriptomic profiles of each female are compared with the transcriptomic profile of all other females, ranged between 0.198 and 0.461 (Fig. 6) . Individual females were grouped into two categories according to the condition tree generated using all expressed genes (using distance as similarity measure). The first category was characterized by predominance of earlier stages of oogenesis, and in the second category vitellogenic follicles were most abundant. Females were also classified into three categories based on ovarian histology, in which the first category comprised one female where primary oocytes were predominant, the second comprised females where vitellogenic oocytes were predominant, and the third comprised one female displaying large batches of postovulatory oocytes, indicating that this individual had recently undergone a significant spawning event. Comparisons of the gene expression profiles for females in each of these groups generated lists of differentially expressed genes, which had a relatively high level of overlap with the genes changing more than twofold between individual females (Fig. 6 ). GO analysis of the genes differentially expressed between each of the groups identified a number of overrepresented biological processes: in females where earlier stages of oogenesis were predominant, among the genes overexpressed, the GO terms overrepresented were protein metabolism, protein biosynthesis, metabolism, and cell growth and/or maintenance, and this is consistent with rapid rates of growth and development of the ovarian follicles at this stage. Within maturing ovaries, follicle growth comprises two main events: in the first place the oocyte within the follicle undergoes large increases in size mainly due to the incorporation of exogenous proteins, such as vitellogenin. This requires batteries of enzymes (such as cathepsins) able to process this large yolk precursor into smaller molecules, which are stored within the oocyte to provide nutritional support for the developing embryos (reviewed in Ref. 45 ). Secondly, follicle growth requires the division and specialization of somatic cells to produce the layers surrounding the oocytes and providing both hormonal and nutritional support for the developing oocytes (reviewed in Ref. 30 ). The biological processes overrepresented in maturing females are, therefore, indicative of this fast phase of growth of the ovarian follicles undergoing secondary growth. In contrast, in females where mature oocytes were predominant, the biological processes overrepresented among the genes overexpressed were embryonic development, development, and cell growth and/or maintenance. This reflects the transcription and storage of genes of maternal origin that support embryonic development before the activation of the zygotic genome [and to a lesser extent also after this event (26) ]. In the female where large batches of postovulatory follicles were evident, a single biological process was overrepresented (among the genes underexpressed in this individual compared with the other females in the breeding colony) and this was response to stress. The physiological significance of this finding is not clear; however, exposure to stress and the ability to cope with stress are likely to be important factors in the number and quality of the gametes produced. Studies in the rainbow trout revealed that exposure to stress during oogenesis resulted in lower quality of the gametes produced (4, 7) . Further studies are required to fully establish the implications of exposure to stress on reproductive success.
Cluster analysis based on the 13 genes found to overlap between the three methods used to compare individual ovaries (Fig. 6D ) grouped females into two groups (the first group was characterized by predominance of earlier stages of oogenesis, and the second group by a predominance of vitellogenic follicles). The expression patterns of the genes identified were consistent with the molecular events characteristic of oocyte growth and maturation. Among the genes overexpressed in the first group, we identified synaptonemal complex protein 1, a gene involved in maintaining the interaction in recombinant chromosomes during prophase I of the meiotic division in germ cells (33) . This reflects the fact that most germ cells contained in these ovaries were arrested at prophase I of the meiotic division (the early stages of oocyte growth in teleosts occur during this phase). In ovaries containing large numbers of vitellogenic follicles, integral membrane protein 2b, a gene involved in inducing apoptosis (12) , and transducer of ERBB2, 1a, a gene that displays antiproliferative properties (53) were overexpressed. These profiles relate to the high proportion of follicles in mature females that are at a stage close to ovulation and characterized by an arrest in follicle cell division.
In conclusion, the present data set provides the first detailed description and analysis of the reproductive gonadal transcriptome of actively breeding zebrafish at the individual level.
Large sex-related differences in gene expression were identified between ovaries and testes of breeding fish. Many novel transcripts showing marked differential expression between genders were identified allowing for new insights into the molecular mechanisms controlling reproduction in this model species. Relationships between the ovarian transcriptome and reproductive status in females were also established.
